The acidic carbonyl compounds, a-ketoglutaric, pyruVic, a-ketoisocaproic, glyoxylic, oxalosuccinic, oxaloacetic, acetoacetic, and hydroxypyruvic acids have been reported in small concentrations in fresh raw milk (Harper and Huber, 1956; Kreulan and Virtanen, 1956; Patton and Potter, 1956 ) and in greater concentrations in various cheese varieties (Bassett and Harper, 1956; Harper and Bassett, 1959) . In addition, a-acetolactic acid and other f3-keto acids have been found in some cheese varieties (Bassett and Harper, 1958) . Investigation with C"4-labeled sodium citrate revealed that Lactobacillus bulgaricus formed a-ketoglutaric acid and a-acetolactic acids from citrate (Bassett and Harper, 1956 ) and, consequently, lactic acid bacteria were presumed to have a major role in the formation of keto acids in cheese. The present study was undertaken (a) to obtain further information on the formation of carbonyl compounds by different homofermentative lactic acid bacteria during growth in milk and (b) to determine the role of such organisms in the formation of keto acids during cheese manufacturing. Also, investigation was made of some factors affecting the formation of carbonyl compounds by lactic acid starter cultures.
MATERIALS AND MEFTHODS
General procedure. The following organisms were studied: Lactobacillus lactis (strains V-104 and V-109), Lactobacillus bulgaricus (strains V-12 and R), Streptococcus thermophilus (strains S and T-4), and Strepto-ACIDIC CARBONYL COMPOUNDS IN LACTIC ACID BACTERIA coccus lactis (strains 4 and 9). The skim milk was autoclaved at 15 lb pressure for 15 min. The L. lactis, L. bulgaricus, and S. thermophilus cultures were incubated at 40 C and the S. lactis cultures at 30 C. Analyses were made for acidic carbonyl compounds by paper chromatography described previously by Bassett and Harper (1958) .
Pyruvic and a-ketoglutaric acids in milk cultures. The effect of the growth of lactic acid bacteria on the concentrations of pyruvic and a-ketoglutaric acids was investigated with L. bulgaricus V-12, L. lactis V-104, S. thermophilus T-4, and S. lactis 9. Three trials were made with each culture and the concentrations of pyruvic and a-ketoglutaric acids were determined on the original milk after 3, 6, 12, lactic acid bacteria. The four lactic acid cultures were transferred on a biweekly, weekly, semiweekly, daily, or a 10-hr basis. To determine the effect of frequency of transfer on keto acid formation, the cultures were incubated for 24 hr and analyzed for keto acids. Qualitatively similar results were obtained with all four species of lactic acid bacteria. The results in table 1 for S. thermophilus T-4 illustrate the effect of the frequency of transfer on keto acid formation by lactic acid cultures. Cultures transferred biweekly contained detectable amounts of only pyruvic and a-ketoglutaric acids. As the frequency of transfer increased, the concentrations of these two acids increased markedly and additional compounds were present in sufficient concentrations to be detected. In addition to a-ketoglutaric and pyruvic acids, a-acetolactic acid was observed in the cultures which were transferred on a weekly and semiweekly basis. These acids and a-ketoisocaproic acid were present in cultures transferred daily, and glyoxylic, a-ketoisovaleric, and oxalosuccinic acids were detectable in cultures transferred on a 10-hr basis. The concentrations of the keto acids increased with an increase in the frequency of transfer.
Effect of combining bacterial strains and species on keto acid formation. The effect of bacterial culture combinations on keto acid formation was studied by combining the two strains of each of the species of lactic acid bacteria and by combining the strains of different species. The pure cultures were transferred daily. The culture combinations were incubated for 24 hr prior to analysis. The data are in table 2. Differences in the qualitative and quantitative results were obtained for mixed strain cultures of single species and also for combinations of different species.
For single species a-ketoglutaric acid was present in concentrations of 1.0, 1.0, 2.0, and 3.7 mg per 100 g in cultures of S. lactis, L. lactis, L. bulgaricus, and S. thermophilus, respectively. Pyruvic acid was found in the lactic acid bacteria. Titratable acidity values after 5 and 10 hr of incubation of the four different species of lactic acid bacteria are summarized in table 3. The addition of these compounds had no effect on the acid production of any of the four species of lactic acid bacteria.
Development of acidic carbonyl compounds during cheese making. To determine the relationship of the lactic acid bacteria to the formation of acidic carbonyl compounds during cheese manufacture, Provolone cheese was made with L. bulgaricus R and V-12 or S. thermophilus S and T4 used as the starter cultures. Analyses for keto acids were made at various steps in the manufacturing process. The data in table 4 for S. thermophilus (strains S and T4) are typical results for both species of bacteria used. As reported for sterile milk cultures, the pyruvic and a-ketoglutaric acid contents decreased during the initial stages of growth (through the cooking process of the curd). By the time the curd was ready to dip (about 30 min after cooking) the concentrations of pyruvic and a-ketoglutaric acids in both the curd and the whey were higher than in the original milk and culture mixture. These acids continued to increase in the curd during the molding process and until the cheese was 1 day old, the last point of examination. Other keto acids were not evident until dipping when glyoxylic acid was observed. a-Ketoisocaproic and a-acetolactic acids were first found when the cheese was ready to mold.
DISCUSSION
The studies of the four species of lactic acid bacteria indicates common metabolic processes with respect to the formation of keto acids during the fermentation of milk. Earlier preliminary work by Bassett and Harper (1958) showed that citrate is a precursor of the a-ketoglutaric acid and lactose is probably the precursor of pyruvic acid formed by these bacteria.
The decrease in pyruvic and a-ketoglutaric acids in milk during the first 6 hr of incubation suggests that these acids are readily utilized by the lactic acid bacteria. However, the fact that additions of these keto acids to milk had no effect on acid production indicates that the metabolic processes giving rise to the accumulation of keto acids may not be directly related to the lactic acid production. This hypothesis is supported further by the fact that all cultures produced the same titratable acidity regardless of the transfer history, but that the type and concentration of keto acids increased with increasing transfer frequency.
The synergistic effect with respect to the accumulation oi keto acids, in cultures of mixed lactic acid bacteria, is similar to that observed by Hamdy, Harper, and Weiser (1955) for amino acids. The fact that combinations of different species of lactic acid bacteria resulted in a greater accumulation of a-ketoglutaric acid than single strains is not readily explainable but may be related to an antagonistic effect of the combined bacteria on the utilization of the keto acid by the individual species. On the other hand, the increased concentration of a-ketoglutaric acid may be because the combination of bacteria results in accelerated metabolism of one or all strains of bacteria and thereby in accelerated production of this acid. Definite differences in rates of formation and utilization of the various keto acids is evident and the effects of combinations of organisms on keto acid accumulation is unpredictable.
SUMMARY
The homofermentative lactic acid producing bacteria, Lactobacillus lactis, Lactobacillus bulgaricus, Streptococcus lactis, and Streptococcus thermophilus, were similar with respect to their ability to produce keto acids during the fermentation of milk. Pyruvic and a-ketoglutaric acids were formed in relatively large concentrations and small amounts of oxaloacetic, oxalosuccinic, glyoxylic, a-acetolactic, and a-ketoisocaproic acids were formed under certain conditions. An initial utilization of pyruvic and a-ketoglutaric acids originally present in the milk was followed by subsequent increases in these acids and the appearance of a-acetolactic acid during 24 hr of incubation. However, the addition of pyruvic and a-ketoglutaric acids to milk had no effect on the acid production of the various lactic acid bacteria. Increasing the frequency of transfer of the test cultures resulted in changes in the concentrations and number of keto acids formed. Combinations of species of lactic acid bacteria changed the concentrations and types of keto acids found. The formation of keto acids by lactic acid bacteria during cheese manufacture was similar to that in sterile milk.
